Summary Manganese ions are known to inhibit the calcium spike in crayfish and barnacle. In frog sartorius muscle, we found that Mn++ inhibits the peak tension of twitch, tetanus, and potassium contracture and also the rate of rise and relaxation of tension. The inhibiting effect of Mn++ increased with increasing concentration (1-10 mM). The magnitude of resting potential and the amplitude of action potential were not significantly affected, but the negative afterpotential was enhanced by 10 mM Mn++. At this concentration the peak tension of twitch, tetanus, and potassium contracture was almost completely inhibited. In 10 mM Mn++, the steep initial rise of tension in caffeine contracture was abolished, but the subsequent slow rise in tension was not affected. The peak tension was reduced by about 30 %. Mn++ actually activated the Mg++-activated ATPase of myofibrils from rabbit skeletal muscle and decreased the extra Ca-induced splitting of ATP by the sarcoplasmic reticulum. These results indicate that manganese ions inhibit excitation-contraction coupling by acting on the transverse tubular system and possibly terminal cisternae of the sarcoplasmic reticulum.
the detailed mechanisms of these phenomena have not yet been satisfactorily clarified.
In the present paper, the effect of manganese ions on the excitation-contraction coupling in frog sartorius muscle is investigated.
A summary on this work was presented at the U. S.-Japan seminar in Tokyo (November 1-3, 1971 ).
MATERIALS AND METHODS
Whole sartorius muscles of frog, Rana japonica, were used. Frogs were supplied from a commercial source and were maintained in a breeding room (7°C) at Sapporo Medical College. All experiments were performed between April and October, 1971 .
Paired sartorius muscles were dissected by splitting the pelvic bone without damaging the tendinous attachment. Muscles were mounted horizontally in a rectangular bath of 7 ml capacity. The pelvic bone was fixed to a hook and the distal tendon was attached by means of a silk thread to a resistance wire strain gauge (Nihon Kohden, SP-1T). The mechanical responses were recorded with an ink-writing oscillograph (Nihon Kohden, WI-180). In the experiments on twitch and tetanus, muscles were stimulated supramaximally with rectangular pulses of 0.5 msec duration through massive platinum electrodes located 7 mm apart. Contractures were produced by replacing a conventional solution with a contracture solution. When the effects of various agents were to be examined, muscles were kept for 30 min in the solution containing these agents. Resting tension was 1 g in all experiments. In order to minimize individual differences among muscles, we omitted those muscles which developed extremely large or small twitch tension.
Resting and action potentials were recorded with intracellular glass microelectrodes filled with 3 M KCl and having a resistance of about 10 Ma Normal Ringer's solution of the following composition (in mm) was used : NaCl, 105; KCl, 2.5; CaCl2, 1.8; Tris, 5; adjusted with HCl between pH 7.0 and 7.2. Except for the absence of CaCl2, the composition of Ca-free solution was identical with normal Ringer's solution. Potassium Ringer's solution was prepared by replacing all NaCl in normal Ringer's solution with isosmotic KCl. All experiments were performed at room temperature (18°-24°C).
Myofibrils and microsomes from rabbit muscle were prepared according to the procedure followed by NAGAI et al. (1960) . Myofibrils were glycerinated and thymol treated to eliminate ATP splitting by the sarcoplasmic reticulum. For determination of ATPase activity of these proteins, inorganic phosphate was measured according to the method of FISKE and SUBBAROW (1925) . The concentration of protein was determined by the biuret reaction as calibrated by nitrogen determination.
The crystalline disodium salt of ATP was purchased from Sigma Chemical
Co. Other chemicals were commercial products of the best reagent grade available.
RESULTS
1. Effect of Mn++ on twitch and tetanus Figure 1 shows the effect of Mn++ on twitch tension of the muscles which were immersed for 30 min in Ringer's solution containing various concentrations of Mn++. The tension fell to about 40 % of control tension at 3 mm Mn++, and to about 10 % at 5 mm Mn++. The rate of rise and relaxation of tension decreased even at 1 mm Mn++, and became marked with the increase in the concentration of Mn++. The time course of decrease of twitch tension in the presence of Mn++ and its recovery after removal of Mn++ are demonstrated in Fig. 2 . At 1 mm Mn++, peak tension was almost unchanged. At 3 mm Mn++, tension fell to about 40 of control tension after 10 min, and the new value was maintained during exposure of muscle to the solution. At 5 mm Mn++, tension was reduced to about 10 % after 5 min and remained unchanged. It required only a few minutes to reach complete inhibition at the higher Mn++ concentrations of 7 and 10 mm. The recovery of twitch tension after removal of Mn++ was observed within 20 min at lower Mn++ concentrations. At higher Mn++ concentrations, it took more than 30 min to recover control twitch tension. The inhibiting effect of Mn++ was completely reversible.
Experiments were performed to determine whether the inhibiting effect of Mn++ on twitch was removed by a high concentration of external Ca++. We found that concentration of 5 and 10 mM external Ca++ were ineffective (Fig. 3) . Tetanic responses were elicited with stimuli given at 100 Hz. The tetanus disappeared within a few minutes after immersion of muscle in a solution containing 10 mM Mn++, but it recovered completely when the muscle was reimmersed in normal Ringer's solution. The effect of Mn++ on the rate of rise and relaxation of tetanus tension was similar to that in the case of twitch.
Effect of Mn++ on potassium contracture
The effect of various concentrations of Mn++ on potassium contracture is shown in Fig. 4 . Peak tension was reduced to about 75 % of control tension by even such a low concentration as 1 mM Mn++. At 3 mM Mn++ the tension was reduced to 50 % and at 10 mM Mn++ to below 10 %. Complete inhibition was observed at 20 mM. Moreover, it was clearly observed that the rate of rise and relaxation of tension of the contracture decreased markedly. Figure 5 shows that the peak tensions of both twitch and potassium contracture were inhibited by Mn++. However, it is noticeable that these two curves did not coincide. The curve of potassium contracture was shifted to left at concentrations lower than about 3 mM Mn++ and to right at the higher concentrations. This behavior at lower concentration of Mn++ means that the potassium contracture was more easily inhibited by Mn++ than the twitch. FRANK (1960) and LUTTGAU (1963) reported that potassium contracture is eliminated by soaking the muscle in a Ca-free solution and that divalent cations can be substituted for Ca++. Results similar to theirs were obtained in our experiment; the peak tension of potassium contracture was largely decreased in Ca- free solution, and the decreased contracture was partially recovered by exposing the muscle to a solution containing 1.8 mM Mn++ (Fig. 6 , II, B, C). However, elevation of the Mn++ concentration from 1.8 to 10 mM markedly inhibited the peak tension and the rate of rise and relaxation of tension in a way similar to the inhibition in the presence of 1.8 mM Ca++ (Fig. 6 , II, D). In contrast, 10 mM Ca++ did not affect the peak tension at all (Fig. 6 , II, E). Several experiments were done to compare the effects of Mn++ with those of tetrodotoxin (TTX) and procaine on twitch and potassium contracture (Fig. 7) . TTX abolishes the Na spike in frog skeletal muscle fibers (FURUKAwA et al., 1959; NARAHASHI et al., 1960; NAKAJIMA et al., 1962) . Procaine also suppresses the Na spike (TAYLOR et al., 1959) . In our experiments, twitch responses disappeared within 30 sec in a solution with 2 x 10-6 g/ml TTX and within 1 min in a solution with 10 mM procaine. The peak tension and the shape of potassium contracture induced in a solution containing TTX were the same as those in normal potassium Ringer's solution. This result is in good agreement with the fact that potassium contracture is not influenced in choline Ringer's solution (FRANK, 1960) . In the case of procaine, peak tension was decreased but the rate of rise and relaxation of tension remained almost unchanged. This result is similar to that of FEINSTEIN (1963) and indicates that the effect of procaine on potassium contracture differs from that of Mn++ 3. Effect of Mn++ on caffeine contracture
In caffeine contracture (Fig. 8 A) , the rate of initial tension development was markedly decreased by 10 mM Mn++ (Fig. 8 B) . The peak tension was reduced to about 70 % of control tension. Furthermore, it is interesting that the inhibiting effect of Mn++ on caffeine contracture was almost completely absent when the muscle was fully depolarized by a high concentration of K+ (Fig. 8 C) . In addition, it is demonstrated that the contracture induced by 5 mM caffeine and those induced after depolarization with K+ were completely inhibited by 10 mM procaine (Fig. 8 D) . 
Effect of Mn++ on isolated myofibrils and microsomes
The effect of Mn++ on contractile proteins was also examined by using myofibrils isolated from rabbit skeletal muscle. Mg++-activated ATPase activity of the myofibrils was increased by Mn++ in a concentration-dependent manner (Fig.  10) . This is compatible with our previous result that Mn++ does not inhibit the ATP-induced tension development of glycerol-extracted muscle fiber (NAGAI , 1965) . According to HASSELBACH and MAKINOSE (1961) , in the presence of oxalate the extra splitting of ATP by isolated sarcoplasmic reticulum (microsomes) after addition of Ca++ is correlated with Ca uptake. We studied the effect of Mn++ on microsomal ATPase activity (Fig. 11) . Ten mm Mn++ increased the basic ATPase activity and completely inhibited the extra splitting of ATP by addition of Ca++. The inhibition was dependent on the Mn++ concentration.
DISCUSSION
It is currently held that Mn++ acts mainly on the surface membrane of muscle fibers, as seen in the findings of FATT and GINSBORG (1958 ), FRANK (1960 ), JENDEN and REGER (1963 ), and HAGIWARA and NAKAJIMA (1966 . However, our results suggest that Mn++ acts on internal membranes including the transverse tubular system (T-system) and terminal cisternae of sarcoplasmic reticulum.
We found that Mn++ inhibits twitch, tetanus, and potassium contracture and caffeine-induced contracture (Figs. 1, 4, and 8 ). All these effects of Mn++ were completely reversible when Mn++ was removed and replaced by normal Ringer solution (Figs. 2 and 6 ). Since resting and action potentials (Fig. 9 ) and the extent of depolarization by K+ were not affected by Mn++, it appears that the inhibition of these mechanical responses by Mn++ is not due simply to a change of these membrane potentials. Since Mn++ did not inhibit the ATPase activity of isolated myofibrils (Fig. 10) , it does not appear to influence the contractile proteins. These findings suggest that Mn++ acts on the excitation-contraction coupling process in frog sartorius muscle and in this way inhibits the mechanical responses. However, this excitation-contraction uncoupling by Mn++ differs from that induced by hypertonic solution (HODGKIN and HOROWICZ, 1957) , because caffeine contracture normally occurs in frog sartorius muscle treated with hypertonic solution (MATSU-MURA, 1959 ; CAPUTO, 1966) .
It has been considered that the excitation-contraction coupling is closely related to internal membranes, including the T-system and terminal cisternae. As shown in Fig. 9 , Mn++ considerably enhanced the negative afterpotential. Evidence that the negative afterpotential can be attributed to the presence of a Tsystem in frog skeletal muscle has been presented by EISENBERG and GAGE (1969) and GAGE and EISENBERG (1969) . Therefore, it is suggested that Mn++ influences the T-system. In addition, a longer time is required for recovery of twitch after removal of Mn++ than for the appearance of the inhibiting action of Mn++. On the basis of the fact that K+ depolarization required a longer time than repolarization, HODGKIN and HOROWICZ (1960) suggested that K+ acts on the internal membrane of single muscle fibers. According to GAGE and EISENBERG (1969) , the negative afterpotential disappears in T-disrupted muscle. In contrast, Mn++ enhanced the negative afterpotential ( Fig. 9 and Table 1 ). It is, therefore, considered that ultrastructural changes in the T-system may occur after treatment with Mn++. Evidence that caffeine contracture is induced as a result of direct action of the drug on terminal cisternae in T-disrupted muscle has been presented by HOWELL (1969). As mentioned above, caffeine contracture is inhibited by Mn++ in contrast to the case of excitation-contraction uncoupling by hypertonic solution. These facts strongly suggest that Mn++ also acts on terminal cisternae of the sarcoplasmic reticulum.
The mechanism of the action of Mn++ on the T-system and terminal cisternae
has not yet been clarified in detail. It is well known that frog skeletal muscle fiber is one of the most typical excitable cells having a Na spike (NASTUK and HODGKIN, 1950) . TTX, a special inhibitor of Na spike, abolished the twitch (Fig. 7) . On the other hand, the action of Mn++ clearly differs from that of TTX. Mn++ inhibited twitch without changing the rate of rise and amplitude of action potential. Since 10 mM procaine inhibited not only twitch but also potassium and caffeine contractures (Fig. 7) , the action of procaine seems to resemble that of Mn++. However, procaine, but not Mn++, had almost no effect on the rate of rise and relaxation of tension of potassium contracture. Procaine also affected caffeine contracture differently. Caffeine contracture in potassium-depolarized muscle was almost uninfluenced by Mn++ but completely inhibited by procaine (Fig. 8) . From these results, it is considered that the mechanism of action of Mn++ is distinctly different from that of either procaine or TTX.
In agreement with the report of FRANK (1960), 1.8 mm Mn++, which is equal to the concentration of Ca++ in normal Ringer's solution, can be partially substituted for Ca++ in the case of potassium contracture (Fig. 6 ). However, under Ca-free conditions, 10 mm Mn++ markedly inhibited potassium contracture (Fig.  6) . Therefore, we cannot support Frank's conclusion that Mn++ simply substitutes for external Ca++_ According to FRANK (1960), and BIANCHI and BOLTON (1967) , the influx of membrane-bound Ca or extracellular Ca++ triggers release of Ca++ from terminal cisternae in the case of twitch and potassium contracture. HOWELL (1969) reported that twitch and potassium contracture are inhibited in T-disrupted muscle. These findings suggest that the trigger Ca++ enters into the fiber through the T-system. On the other hand, caffeine contracture was not inhibited in T-disrupted muscle (HOWELL, 1969) . This fact supports the concept of BIANCHI (1962) that caffeine penetrates the fiber and activates the Ca++ release, and it also suggests that the Tsystem is not required for penetration of caffeine into the fiber. Our data suggests that Mn++ acts primarily on the T-system and perhaps terminal cisternae to suppress the influx of trigger Ca or the release of Ca. Another possible site of Mn++ action is the junction between the T-system and cisternae. The mechanism of transmission of excitation across this junction is not yet known. Mn++ activated the basic ATPase activity of microsomes and inhibited the extra splitting of ATP (Fig. 11) . Although these results are regarded as evidence that Mn++ acts on terminal cisternae, this problem should be clarified by further studying the effect of Mn++ on Ca-release from microsomes by caffeine.
As shown in Fig. 8 , inhibition of caffeine contracture by Mn++ was not observed in K+ depolarized muscle. Although this interesting fact has not been clearly explained, two possibilities can be considered. One is that caffeine contracture is potentiated by K+ (MATSUSHIMA et al., 1962; CAPUTO, 1966) . The other is that K+ antagonizes the action of Mn++ on terminal cisternae. However, the fact that potassium contracture was inhibited by Mn++ (Fig. 4) contradicts the latter possibility. Consequently, we consider that the site of action of Mn++ in potassium contracture is probably mainly on the T-system. Taking into consideration the fact that membrane potentials were almost unaffected by Mn++ (Fig. 9) , it is suggested that electrical properties of the surface membrane differ from those of the membranes of the T-system.
On the basis of our results and conclusions mentioned above, it seems that the internal membrane system of frog sartorius muscle is functionally similar to the surface membrane of crayfish and barnacle muscles. However, initiation of the Ca spike is competitively inhibited by Mn++ in barnacle muscle (HAGIWARA and NAKAJIMA, 1966) , whereas inhibition of twitch and tetanus in frog sartorius muscle by Mn++ are not blocked by elevating the concentration of external Ca++ (Fig. 3) . Therefore, it is considered that there is a difference in the mechanism of action of Mn++ between these muscles.
